The pore-size distribution (PSD) of an activated carbon (AC) sample, which is obtained by molecular simulation using a specific probe gas, does not always reproduce the adsorptive behaviour of that sample with other gases. Moreover, different gases generate distinct distributions for the same AC. These facts go against the concept of PSD, which must be unique for a given sample, irrespective of the probe gas used. We analyzed adsorption isotherms of WV-1050 AC sample with nitrogen at 77 K, carbon dioxide at 298 K and methane at 303 K, yielding their respective PSDs, based on local isotherms database (kernels) generated through grand canonical Monte Carlo simulation. The PSD obtained for nitrogen and carbon dioxide was used (individually) to reproduce the three experimental isotherms and significant deviations were observed. By applying a volume normalization methodology, the isotherm fitting was significantly enhanced. Furthermore, a more realistic model of AC pores considering etched slit walls was tested to improve PSD similarity. The new model presented tends to unify the PSDs obtained from different probe gases evaluated.
INTRODUCTION
Activated carbons (ACs) do not present a well-defined molecular framework, because they lack a crystalline structure, unlike zeolites and metal-organic frameworks. ACs have been traditionally modelled as pores delimited by parallel graphene sheets (Tan and Gubbins 1992) , forming slits of different sizes or widths (Figure 1 ). To simulate the behaviour of an AC sample, it is necessary to consider not only a specific pore size, but also a characteristic combination of different sizes. Therefore, pore-size distribution (PSD) is an essential textural piece of information about amorphous solids, particularly ACs. Various parameters such as surface area, micropore volume, total pore volume and adsorbed concentration can be estimated based on PSD, and this defines the applicability of the sample.
Techniques for obtaining the PSD through molecular simulation can accurately replace traditional characterization methodologies based on phenomenological models (Seaton et al. 1989; Davies and Seaton 1998; Ravikovitch et al. 2000) . A probe-gas experimental adsorption isotherm and simulated local isotherms databases are the required input data. Nitrogen at 77 K is the most frequently used probe gas; however, its isotherms are limited to the condensation zone close to atmospheric pressures. The application of other gases in supercritical conditions, such as carbon dioxide and methane at room temperatures, has been extensively studied (Scaife et al. 2000; Sweatman and Quirke 2001; Jagiello and Thommes 2004; Konstantakou et al. 2007 ). This kind of characterization has the advantages of testing the sample under the same conditions of the specific application, the equilibrium time is reduced and the isotherm can be extended to greater pressure ranges.
The integral equation to obtain the PSD can be expressed as follows [equation (1)]:
( 1) where Q(p) is the experimental isotherm expressed as the total amount of adsorbate per gram of adsorbent at pressure p; q(p,H) represents the local isotherms database (kernel), which is obtained for pores with different sizes (H), expressed as total adsorbate uptake at pressure p per pore volume; f(H) represents the PSD, pore size H in volume per gram of adsorbent. Solving this equation involves determining the best combination of local isotherms that would reproduce the experimental isotherm, and the term f(H) denotes the weight of this combination. The PSD is a specific characteristic of the solid sample and should not be dependent on the probe gas. In addition, the molecular conformation of AC cannot change according to the adsorbate. However, a strong dependence between the PSD and the adsorbate gas is observed experimentally and a careless analysis may lead to erroneous and inconclusive results. Having said that, the search for a universal PSD has been the subject of several studies (Scaife et al. 2000; Sweatman and Quirke 2001; Jagiello and Thommes 2004; Konstantakou et al. 2007) .
Small deviations among PSDs obtained from different probe gases are accepted, which are sometimes related with geometric limitation in ultramicropores, where access would only be allowed for sufficiently small molecules. For example, hydrogen molecules may enter small pores that cannot be accessed by nitrogen and carbon dioxide, and therefore, PSDs generated from hydrogen adsorption data will show a peak at the ultramicropore zone, which are not detected with nitrogen or carbon dioxide (Jagiello and Thommes 2004; Konstantakou et al. 2007) .
The PSD obtained from nitrogen adsorption data at 77 K shows a characteristic behaviour that deviates from the other gases, expressed as a discontinuity (approximately 1 nm) due to the perfect graphene sheets modelling assumptions, a topic that has been extensively addressed by a number of authors (Davies and Seaton 1998; Ravikovitch et al. 2000; Jagiello and Thommes 2004; Lucena et al. 2010a) . Variations in PSD not related to the two previous cases are likely to be explained by either experimental limitations or other modelling simplifications.
Theoretically, the PSD of a given AC sample obtained from the adsorption data of a given probe gas should be able to reproduce the experimental isotherm of any other gas in the same G. Silvino et al./Adsorption Science & Technology Vol. 31 No. 2/3 2013 sample. The values of vector f(H) X in equation (1) adjusted for a gas X should, in principle, be applied to kernel of gas Y to fit an Y adsorption isotherm.
Using only a carbon dioxide-based PSD, Scaife et al. (2000) were able to reproduce methane, carbon dioxide and nitrogen isotherms in a sample of AC at 293 K and low pressure (<1 bar), but the authors acknowledge that the use of CO 2 PSD needs to be more severely tested under conditions of elevated pressure (<50 bar). Sweatman and Quirke (2001) analyzed isotherms at pressures up to 20 bar with the same adsorbent and two other samples at 298 K, obtaining reasonable fits, also from a carbon dioxide PSD. By contrast, poor agreement between one gasbased PSD and isotherm predictions for another gas has been reported by Quirke and Tennison (1996) , Konstantakou et al. (2007) and Maia et al. (2011) .
The objective of this study is to present a methodology based on volume normalization that improves fitting when using PSD from one gas to predict experimental isotherms of other gases. In addition, a more realistic AC model will be tested to increase PSD similarity between different probe gases.
Subsequent sections were organized as follows: The first section details the methodology to obtain the simulated isotherms kernel, whereas the second section details the PSD calculations and application to predict experimental isotherms for different gases. The following sections explain the volume normalization methodology and the use of a more realistic AC model based on etched pores.
DATABASE OF LOCAL ISOTHERMS (KERNELS)
For each probe gas, a database of local simulated isotherms at a temperature similar to its experimental isotherm is required. Each database will contain isotherms of different sized pores, which comprise the kernel [the term q(p, H) in equation (1)]. Three probe gases will be used at three different temperatures (nitrogen at 77 K, carbon dioxide at 298 K and methane at 303 K).
The procedure for obtaining the kernel begins with the definition of molecular models for adsorbent and adsorbate. This study initially used an isotherm database simulated with the conventional slit-pore model, consisting of perfect graphene sheets [ Figure 2 (a)]. To obtain the closest possible PSD between different gases, a more realistic model was also used. We chose the randomly etched graphite (REG) model [Figure 2(b) ]. This model reproduces properties of an AC that cannot be predicted by the conventional slit model Lucena et al. 2010a; Oliveira et al. 2011a ).
Strategies to Improve PSD Characterization of Activated Carbons using CO 2 and N 2 Isotherms 265 (a) (b) Figure 2 . Molecular models of AC pore: (a) perfect slit-pore model and (b) randomly etched graphite model. The adsorbates were simulated using united atoms models, while the fluid-fluid and solid-fluid interactions were modelled by the well-known 12-6 Lennard-Jones potential [equation (2)] ( 2) where ε ij is the potential well depth, s ij is the diameter, and r ij is the distance between interacting atoms i and j. The cross terms were obtained using usual arithmetic and geometric combination rules. The parameters are summarized in the Table 1 . Simulated isotherms were obtained by applying a Monte Carlo algorithm in the grand canonical ensemble (GCMC). Equilibrium is achieved when the chemical potential of the gas inside the pore is equal to the chemical potential of the free gas outside the pore. To collect the accessible states, translations, rotations, creation and destruction moves are performed among gas molecules, which interact with the potential field generated by the slit pores carbon atoms (Allen and Tildesley 1991; Frenkel and Smit 2002) .
We used two kinds of isotherm collections. The first one contains 24 pores sizes (centre-tocentre distances-Hcc), from 6 to 55 Å, with perfect slit geometry (kernel A), as shown in Figures  3(a imperfect pores (13.4 and 15 Å) to kernel A. Each imperfect pore may have three percent degrees of randomly removed carbon atoms from the innermost graphene sheets: 25%, 50% and 75% [Figures 3(b) , 4(b) and 5(b)], summing up to 30 isotherms for the kernel B. By analyzing the results of nitrogen adsorption obtained from kernel A, we can observe that for some pores, gas filling occurs in a narrow range of pressures, which generates the mathematical artefact that translates into the gap around 1 nm in the generated PSD, and hence is likely to cause deviations in the prediction of isotherms of other gases. The small number of pores in the kernels was chosen on purpose to make this effect more pronounced. For CH 4 , one has to take into account the window of reliability, that is to say, for pore sizes larger than 20 Å, the simulated isotherms become linearly dependent on each other, creating inconsistencies in the PSD (Gusev et al. 1997; Oliveira et al. 2011b ).
OBTAINING THE PSD
The methodology for obtaining the PSD, based on the solution of equation (1) to obtain the values of f(i), uses system linearization and non-negative least squares algorithms (Davies and Seaton 1999; Ravikovitch et al. 2000) . The objective function [equation (3)] includes the adjustment term, the sum of the squares of the differences between the simulated and experimental isotherms, and the smoothing term of the curve f(i) as the sum of their second derivatives. The smoothing parameter α was estimated as 0.02 (N 2 and CO 2 ) and 0.002 (CH 4 ).
( 3) We analyzed AC sample WV-1050, a commercial AC produced from lignocellulosic precursors, having high surface area, well-developed pore volume and high gas adsorptive capacity. The experimental isotherms for this material were obtained gravimetrically ( Figure 6 ). The distribution obtained using N 2 is clearly bimodal, with peaks at 8.9 and 18 Å and a region of discontinuity between these pore sizes together with a high volume of mesopores. The PSD obtained with CO 2 showed better resolution for micropores, which was expected due to the kinetics favoured by the higher temperature. Similarly, in the case of a supercritical gas adsorption, the PSD of CH 4 has good resolution for micropores; however, there is also a peak at 8.9 Å. The 26-Å pore was overestimated due to the reliability window, which leads the existing mesoporosity to be concentrated on that last PSD pore diameter (Oliveira et al. 2011b) .
The obtained isotherm fits (Figure 7) showed a good approximation for CO 2 and CH 4 . The N 2 - F. G. Silvino et al./Adsorption Science & Technology Vol. 31 No. 2/3 2013 Figure 6 . Pore-size distribution of AC WV-1050, derived from the nitrogen at 77 K, carbon dioxide at 298 K and methane at 303 K adsorption isotherms, assuming a perfectly slit pore model. simulated isotherm fits poorly due to the reduced number of isotherms and the previously mentioned limitations of the conventional slit-pore model. We also evaluated the applications of PSDs obtained from nitrogen, carbon dioxide and methane in the kernels of the three gases in order to predict their respective experimental isotherms (Figure 7) . The N 2 PSD was unable to reproduce both CO 2 and CH 4 isotherms and the CO 2 PSD did not reproduce experimental isotherms of N 2 and CH 4 .
VOLUME NORMALIZATION METHODOLOGY
Because different probe gases give dissimilar pore volumes, especially for medium to highly ACs (Garrido et al. 1987; Marsh and Rodriguez-Reinoso 2006) , we herein propose a strategy to cope with this volume variation when one needs to use the PSD generated from one gas to predict isotherms of another gas. Some strategies for this purpose are reported in the literature. Oliveira et al. (2011b) , for example, proposed a mixed model of PSD to predict the adsorptive behaviour of mixtures, using a weighted average of the distributions obtained from monocomponent isotherms. Those weights are the mole fractions of components in the gas phase, which can be interpreted as volume fractions. Konstantakou et al. (2007) suggested a normalization approach, because they use combinations of portions of PSDs obtained with different gases and their distributions representing the dimensionless ratio between local pore volume and the total volume.
Our procedure to improve the ability of a given PSD obtained from probe gas X to predict the isotherm of another gas Y [f(i) X in Y ] is to multiply each differential pore volume term in gas X PSD by the ratio between the summation of gas Y differential volumes f (j)Y and the sum of gas X differential volumes f (j)X . This normalized differential volume is then used to predict gas Y isotherm.
In the following volume normalization example, N 2 PSD was used to predict CO 2 isotherm [equation (4)]:
(4) where f(i) N2 is the original PSD obtained for N 2 and f(i) N2 in CO2 is the normalized PSD of N 2 used to predict CO 2 isotherm. Using this procedure, we expected to reduce the effects of dissimilar pore volumes obtained by different probe gases. If the pore volumes are the same, the second term of equation (4) is equal to one. The success of the study by Sweatman and Quirke (2001) can be explained by the fact that their samples showed similar pore volumes for different probe gases, and thus the volume normalization ratio applied to their case would be close to unity.
The volume normalization procedure was tested for the nitrogen PSD to predict carbon dioxide and methane isotherms as well as carbon dioxide PSD to predict nitrogen and methane isotherms. The results showed significant improvement, as may be observed in Figure 8 .
The new fits were significantly better than those shown in Figure 7 with no normalization procedure, despite the very different probe gas temperatures. The normalized PSD of N 2 at 77 K was able to reproduce the experimental isotherms of CO 2 at 298 K and CH 4 at 303 K. The fits between CH 4 simulated and experimental isotherm obtained with N 2 PSD showed better quality than that obtained with CO 2 PSD. However, although improved with normalization, both CO 2 PSD and N 2 PSD were unable to reproduce the experimental data accurately, possibly due to the need of a higher number of local isotherms in the kernels.
USING THE REG MODEL
Simplifications of molecular models can be important sources of inconsistencies in PSDs and conventional slit-pores models are often not able to predict the adsorptive behaviour and diffusion of gases in AC samples. To evaluate the influence of these simplifications, we applied kernels containing simulated isotherms of pores with surface imperfections (kernel B), while we check whether PSDs from different probe gases tend to come closer to each other. In Figure 9 , the new PSDs obtained from kernel B are shown for N 2 (a), CO 2 (b) and CH 4 (c) in WV-1050. These new PSDs are able to reproduce the corresponding gas isotherms ( Figure 10 ). Figure 9 . Pore-size distribution of AC WV-1050, using the REG model (kernel B), derived from the (a) nitrogen at 77 K, (b) carbon dioxide at 298 K and (c) methane at 303 K adsorption isotherms. Etching degree: 0% (white bars = simple slitpores geometry), 25% (light grey), 50% (grey) and 75% (dark grey).
The large etched pore volume incorporated in the nitrogen PSD results in significantly better agreement between experimental and simulated isotherms [ Figure 10(a) ]. The carbon dioxide PSD incorporates less etched pore volume than nitrogen, while the methane PSD showed little sensitiveness to pore etching ( Figure 11 ). The fitting between simulated and experimental isotherms of CO 2 and CH 4 were not essentially affected for the presence of etched pores, because conventional slit-pore geometry was able to predict with accuracy the experimental isotherm.
The presence of etched pores increased the concentration of pores in the micropore range for the three gases under study, whereas the amount of larger pores was reduced, especially for nitrogen. It can be said that there is a subtle approach between the pore PSD of the gases evaluated. This is a relevant finding, given that we had added only two etched pore sizes in each kernel.
CONCLUSIONS
PSD based on isotherms of nitrogen at 77 K, carbon dioxide at 298 K and methane at 303 K were performed for WV-1050 AC sample by molecular simulation. Although the fitting between simulated and experimental isotherms of CO 2 and CH 4 were quite good, the nitrogen-simulated isotherm presented the classic problems of "s" shape and absence of pores around 10 Å.
Because PSD from different gases gives different distributions of pore volumes, poor results are obtained when we tried to apply the PSD of a gas to predict the isotherm of another gas. A volume normalization strategy was then proposed with substantial improvement between simulated and experimental isotherms.
The use of the REG model apparently approximates the PSDs from different types of gases. This is a promising result, considering that we used only two sizes of etched pores. Furthermore, the excellent fit provided by the REG model in the N 2 isotherm is another evidence that the "s" shape and absence of pores around 10 Å is really an artefact, because neither CO 2 nor CH 4 showed significant improvement with the use of etched pores. Figure 11 . Pore-size distribution of AC WV-1050, using the REG model (kernel B), obtained with (from top to bottom) nitrogen at 77 K, carbon dioxide at 298 K and methane at 303 K adsorption isotherms. Etching degree: 0% (white bars = conventional slit-pores), 25% (light grey), 50% (grey) and 75% (dark grey).
